Abstract-Most of the relaying strategies exploit channel state information (CSI), but there exist only a few limited works on acquisition of the required CSI. In this paper, we present general protocols and pilot designs for CSI acquisition in different types of relay systems using multiple-input multiple-output (MIMO) orthogonal frequency-division multiplexing (OFDM) transmission. We propose new pilot forwarding mechanisms and a related estimator for obtaining CSI of individual MIMO channels of cascaded links at the end node(s). We develop new pilot designs with low overhead for channels with different lengths. We present several CSI acquisition protocols for relay MIMO systems with timedivision duplexing and frequency-division duplexing. We introduce node multiplexing, which reduces overhead and delay for pilot or CSI feedback transmissions from multiple nodes. In addition, we present similar CSI acquisition protocols for multipointto-multipoint systems while keeping the overhead low. Simulation results are included to demonstrate the estimation performance of our proposed designs. Discussions on several protocol options are also provided.
channel estimation in relay systems is addressed in a timely way. However, their applications are limited to time-division duplexing (TDD) only and for channels with the same length. In [25] and [26] , estimation methods for relay-assisted orthogonal frequency-division multiplexing (OFDM) systems with singleantenna nodes are proposed. In [20] [21] [22] [23] [24] , estimation methods for single-carrier MIMO systems are presented. In [16] and [19] , relay-inserted pilot tones and related channel estimators are presented. Both of them consider a single-antenna OFDMbased three-node relay system with TDD and do not consider pilot overhead cost. New designs are needed to account for more realistic or general system conditions such as MIMO, multiple nodes, unequal channel lengths due to different node locations, and differing duplexing schemes [e.g., frequencydivision duplexing (FDD)], as well as address the CSI overhead cost, both in terms of tones utilized and delay. We will develop such designs in this paper.
A similar problem of CSI acquisition also arises in multipoint-to-multipoint (MP-MP) systems where multiple source-destination pairs are directly communicating simultaneously [see also Fig. 1(b) ]. MP-MP systems do not have intermediate nodes (relays), but to manage potential interferences among multiple simultaneous pairs and to enhance system capacity, MP-MP systems require CSI. The sources can either transmit on separate or the same frequency band to multiple destinations. If the sources transmit on separate frequency bands, then one node can perform resource allocation, and a strategy to provide this node with the desired CSI is needed. If the sources transmit on the same frequency band, the system utilizes interference alignment (IA) [27] [28] [29] [30] [31] to decouple the desired signal from the interference. IA needs each node to have knowledge of all CSI between sources and destinations, but necessary CSI acquisition protocol and pilot design have not been addressed. This paper addresses CSI acquisition in multinode relay and MP-MP systems with MIMO OFDM transmission. Our contributions are summarized in the following. 1) We propose new MIMO pilot designs for estimation of channels with unequal lengths and new pilot forwarding mechanisms from multiple antennas and/or nodes together with pilot insertion to estimate individual MIMO channels of all hops. 2) For estimating CSI of indirectly connected MIMO links (e.g., estimating source-torelay channels at a destination node), we derive a new improved estimator using the forwarded pilots, which incorporates effects of channel estimation errors of the directly connected link (e.g., relay-to-destination link). 3) During the CSI acquisition phase when multiple nodes are involved in transmitting pilots or CSI feedback, we propose a strategy called node multiplexing, which reduces overhead and delay. 4) We propose protocols for CSI acquisition in relay systems for both TDD and FDD and present their associated overhead and delay. 5) New approaches for acquiring CSI in two types of MP-MP systems, which are characterized by disjoint or nondisjoint resource usage, are outlined for both TDD and FDD, and the associated overhead and delay costs are calculated. 6) We present how to design pilots for minimal overhead with almost-optimal performance, equal channel estimation mean square error (MSE) across links with different lengths, or minimum total channel estimation MSE of all considered channels, as well as how to set pilot signal-to-noise ratios (SNRs) of different hops and how to select protocol options. This paper is organized as follows. Section II describes the considered systems. Section III presents several pilot designs, pilot forwarding, and node multiplexing. Section IV derives a new channel estimator based on the forwarded pilots and its estimation MSE. Next, we propose several CSI acquisition protocols for relay systems in Section V and for MP-MP systems in Section VI. Section VII discusses protocol choices and simulation results, and Section VIII provides our conclusions.
II. SYSTEM MODEL
We consider relay systems and MP-MP systems as shown in Fig. 1 , both using OFDM. As the main application scenario of relays in next-generation systems (e.g., 3-GPP LTE-Advanced) is to extend coverage range or fill dead spots where the destination nodes cannot receive direct signals from the source, we consider the same scenario of relay systems with no direct link between any source and destination. Such relay systems have been already included in the standards IEEE 802.16j [33] and 3-GPP LTE-Advanced Release 10 [34] .
Before performing CSI acquisition, any system needs to have already-established links and synchronization among involving nodes. In the same manner, we consider that the initial link establishment and synchronization between sources, relays, and destinations have been completed. Then, for CSI acquisition, conventional systems will send control signaling messages (instructing the nodes to acquire CSI and feedback them), which also include node IDs and related resource assignments for pilots and/or CSI feedback. In contrast, to reduce overhead and delay of CSI acquisition, the proposed approach includes assignment of distinct numbers to the nodes during their initial link establishment procedure. During initial link establishment, corresponding signaling exchanges occur between nodes, and adding number assignment in that process will bear only a small amount of overhead. By such distinct number, each node knows its pilots and its role in the CSI acquisition protocol; thus, during the CSI acquisition phase, the proposed approach does not require resource assignment for CSI feedback and related node IDs, saving overhead in control signaling (see details in Section VII).
In either type of the systems, we consider multiple nodes of each kind, and every node may have multiple antennas. We use S i , R k , and D l to denote source i, relay k, and destination l, respectively. Similarly, S i,ν , R k,ν , and D l,ν refer to those nodes with a specific antenna ν, whereas S, R, and D represent all sources, all relays, and all destinations, respectively. The variables i, k, l, m, n, and ν are not specific to certain indexing, and the referring index domain is obvious from the main variable. CSI I−J represents the information of channel impulse responses (CIRs) between I and J, where I and J can be S i,ν , S i , S, R i,ν , R i , R, D i,ν , D i , or D, depending on the considered link(s). Each node knows the number of sources,Ñ S , and destinations,Ñ D (and relays,Ñ R , for relay systems) as well as the number of antennas (
The OFDM system has a total of N subcarriers, and the cyclic prefix length is longer than the maximum channel length plus potential asynchronous arrivals and timing synchronization errors to avoid intersymbol interference. To reduce intercell interference, we assume that an appropriate frequency reuse strategy is in place.
We assume that during the CSI acquisition and data transmission interval, the channels remain static, but it can be relaxed for the data transmission interval as some transmission schemes [32] accommodate channel variations within a frame. The channel between I i,ν and J m,n is represented by a timedomain vector 
i=0 N I i is the total number of antennas of type I (source, relay, or destination). If the desired CSI corresponds to individual cascaded channels, then the number of channels that need to be estimated is N S TOT N R TOT N D TOT . The channel length L I i,ν −J m,n is in general unknown a priori; however, we can use the maximum number of taps needed to model the link with the largest delay (obtained from measurement in the deployed environment) to model the links. Therefore, we will define
Regarding MP-MP systems, we consider those that involve simultaneous transmissions from multinodes to multinodes in the physical layer. For such systems to work, initial synchronization and link establishment need to be performed first. We assume that such process has been done and that all nodes are properly synchronized, and they know what are the other nodes involved in the multiple-node transmission. During this initial link establishment stage, a distinct sequence number can be assigned to each node so that there is no conflict in their pilot selection and protocol execution. The resources for different links of an MP-MP system can be disjoint similar to orthogonal frequency-division multiple access or the same using IA. The CSI of N S TOT N D TOT channels may be needed at the node performing resource allocation in the former case or at each node for the latter case. The maximum length of these channels will be represented by L.
Notations: I M and 1 K denote the M × M identity matrix and the K × 1 all-one vector, while the size indicators will be excluded if the size is obvious from the usage. The superscripts * , T , and † mean the conjugate, the transpose, and the Hermitian transpose. CN (μ, Q) denotes a complex Gaussian distribution with mean vector μ and covariance matrix Q. · represents the ceiling operation. diag{·} defines a diagonal (or blockdiagonal) matrix with diagonal elements (or blocks) given by the arguments inside the bracket. ⊗, , and δ ij represent the Kronecker product, the Hadamard product, and the Kronecker delta, respectively. F denotes the N × N unitary discrete Fourier transform (DFT) matrix, whereas F L i represents the submatrix of F composing of its first L i columns. The autocovariance matrix of x and cross-covariance matrix of x and y are denoted by Q x and Q xy . The cardinality of a set J is denoted by |J |. vec(A) represents a column vector obtained by stacking the columns of matrix A. We use k : n and M × {k : n}
Tr{X} represents the trace of matrix X. All tone indexes are assumed to be modulo N .
III. PILOT DESIGNS AND NODE MULTIPLEXING
Here, first, we present pilot designs for direct links. Next, we develop designs of forwarded pilots for cascaded or feedback links. Then, we introduce a node-multiplexing concept to reduce overhead and delay in CSI acquisition. After that, we propose new pilot designs for channels with different lengths.
A. Pilot Designs for Direct Links
Let us consider the direct links between {I i } and {J m } (e.g., between {S i } and {R m }). Define C 
The received time domain signal vector of V OFDM symbols after cyclic prefix removal at R m,n is
where Ω c i and Ω b i are NV × N S i L 1 matrices and their (l, ν)th submatrices are respectively given by Ω c i,ν [l] and
, with l ∈ {0 : V − 1} and ν ∈ {0 : N S i − 1}, and [l] ) will be the zero matrix. The minimum necessary and sufficient number of pilot tones to estimate
We build upon the work in [12] as follows. The data and pilot tones are disjoint, and the pilot sequences for different transmit antennas are orthogonal and meet the optimal conditions as follows:
where E av represents the total pilot energy over the V symbols per antenna. The given orthogonality between pilot and data matrices Ω c i and Ω b k is simply satisfied when the pilot tones are disjoint from the data tones within the same OFDM symbol. Mathematically, for disjoint pilot and data tones, we have Λ †
First, let us consider pilots to be transmitted from a single node (e.g., S i ) with
. The pilot designs from [12] use N S i sets of cyclically equi-
denote the set of nonzero pilot tone indexes at OFDM symbol l for I i,ν , and its mth element is represented by J (l) I i,ν (m). In the following, we introduce a variable n i,ν , which is written as a function of i and ν for a later use, but for Section III-A and B, n i,ν = ν. Then, several pilot designs can be expressed as follows.
Frequency-division multiplexing (FDM) design: It meets optimality conditions in (2) through frequency disjointness, and the pilots are given by J (0) Time-division multiplexing (TDM) design: It satisfies (2) through time disjointness, and the pilots are defined by J (l)
Code-division multiplexing across time (CDM-T) design:
It applies coding across time among antennas to satisfy (2) , and the pilots are defined by J (l)
. Code-division multiplexing across frequency (CDM-F) design: It applies coding across frequency among antennas to satisfy (2) , and the pilots are given by J (0)
T l and
The proofs of the given designs satisfying the optimal conditions in (2) are referred to [12] . Note that the reason for presenting several designs is to provide solutions for various scenarios or system constraints. For example, if more pilot tones (> N) are needed to support more antennas or users, the pilot designs can be extended across time using TDM or CDM-T. If a stringent peak power constraint per tone per antenna is imposed (due to radio frequency (RF) device and spectrum emission requirement), CDM-F and CDM-T would be better; however, if device power saving via sleep cycle is preferred, TDM would be better. If reducing CSI acquisition delay is desired, FDM or CDM-F could be used. If there are stringent constraints on total power per OFDM symbol, as well as per tone peak power per antenna (due to spectrum emission requirement and large path loss), CDM-T would suit the situation.
B. Reduced Overhead Pilot Designs
All of the given designs use a total of N S iL 1 pilot tones. If L 1 is not a power of 2 (i.e., L 1 <L 1 ) and minimum pilot overhead is desired, we propose to change the given designs by replacing each pilot set of cyclically equi-spaced equi-energyL 1 pilot tones with that of approximately cyclically equi-spaced equienergy L 1 pilot tones while maintaining disjointness among the pilot sets. For example, consider three channels with L 1 = 5 taps each and N = 64; the minimum overhead pilot design can use 15 pilot tones with T 0 = {0, 13, 26, 39, 52} and T i = T 0 + i for i = 1, 2, whereas the existing designs use 24 pilot tones (i.e., T 0 = 8 × {0 : 7}, T i = T 0 + i). Apart from {T n }, the pilot designs remain the same as those previously presented, and hence, they are not repeated here. A slight degradation in estimation performance may incur for the minimum overhead pilot design, but it is insignificant, as will be shown in Section VII.
We can also develop a new CDM-F design that maintains estimation optimality while requiring less overhead than the existing designs. It uses cyclically equi-spaced equi-energy
where τ ∈ {0 : (N/L 1 ) − 1} and {a i,m } are arbitrary symbols with amplitude E av /L 1 . With regard to overhead, for the parameters in the given example, this design requires 16 pilot tones (with J S i,ν = 4 × {0 : 15}, ∀ ν), which is eight tones less than the existing designs. The proof for the optimality of the given design is provided in Appendix A.
C. Designs for Forwarded Pilots
As an example of a forwarded pilot scenario, a relay node R m receives pilots from source S i on tones J S i = {T ν : ν = Fig. 2 . The received pilot on tone k ∈ J S i at R m,n is given by
where {W R m,n [k]} are independent and identically distributed with CN (0, σ 
We explore the choice of tones for pilot forwarding by minimizing the MSE in estimating h S i −R m at the destination (see Appendix B for details). An exact closed-form analytical solution is intractable, but the analysis in Appendix B and numerical simulation results in Section VII-C show that maintaining the relative positions as in individual {T ν } (in simplest form, using τ + J S i ) gives the best result. Using this design for a single antenna at R m , we propose several designs for multiple antennas at R m in the following, where the remaining task is maintaining orthogonality among forwarded pilots of different relay antennas. The rationale for a variety of designs is the same as that mentioned in Section III-A.
For better illustration, we present some design examples in Fig. 3 , which can facilitate easy understanding of the general design descriptions to be given below, where α is a fixed amplification factor at the relay.
FDM design: R m,n forwards its received source pilots on a set of shifted tones J R m,n as
TDM design: Different antennas of R m transmit their received source pilots in different symbols but on the same tones 
CDM-T design: R m,n transmits its received source pilots on
CDM-F design: R m,n applies a length-N R m antennaspecific orthonormal spreading to each received source pilot and transmits them on the same N R m disjoint sets of tones as
Note that for TDM or CDM-T source pilots, the given pilot forwarding schemes can be applied to each OFDM symbol of received source pilots. Alternatively, if all N S i L 1 received source pilots can fit within one OFDM symbol, they can be treated as if they were received in one OFDM symbol when applying the given pilot forwarding schemes.
The forwarded pilot sets in FDM, TDM, and CDM-T forwarding schemes strictly maintain orthogonality, and they can be decoupled at the receiver without knowing the forwarded channel gains. Such is not the case for the CDM-F forwarding scheme since the channel gains on tones {k + τ 0 , . . . , k + τ N Rm −1 } are not exactly the same (although highly correlated), and their knowledge is required in decoupling the pilot sets. Consequently, the random estimation errors of the forwarded channels will affect the orthogonality of the CDM-F pilot sets.
In the given designs, each antenna forwards its received source pilots, and hence, D l also needs knowledge of
is not yet available, R m can insert its own pilots (designed according to one of the direct-link pilot designs, and their locations are disjoint from the forwarded pilots over frequency or time) and transmit to D l . Those received source pilots at R m can also be collectively forwarded by a single predefined antenna [16] , our approach does not need to reserve (waste) null tones at the source for the relay-inserted pilots, thus saving pilot overhead.
D. Node Multiplexing
CSI acquisitions in relay and MP-MP systems involve transmissions of pilots or quantized CSI bits from multiple nodes. Instead of transmitting from one node to another in a sequential manner, we introduce a node-multiplexing concept, which allows multiple nodes to simultaneously transmit if certain conditions are met. The motivation is to save overhead and delay in the CSI acquisition phase by exploiting already-accomplished synchronization and node sequence assignment done during the initial link establishment. The nodes involved in the node multiplexing need not be of the same type, e.g., transmissions from the sources and destinations to the relays can be nodemultiplexed together.
The conditions for the node multiplexing are that pilots from different nodes should satisfy the pilot conditions described in previous sections while any modulation symbols carrying quantized CSI bits should be transmitted on disjoint tones in a similar manner without requiring equal power and cyclically equal spacing condition of the pilots. This is to satisfy (2) , except that Ω c and Ω b contain all nodes involved in the node multiplexing. The pilot designs are given by those in Section III-A and B except that N S i is replaced with N S TOT and that n i,ν is defined as ν + i−1 m=0 N S m . c and b are disjoint over the frequency and time domain, and each node does not need to know pilots or data of other nodes. The pilots and protocols are predesigned for a few number of system condition sets (number of nodes, number of antennas at each node, and nominal channel lengths involved in the CSI acquisition), and the global information about the system condition set (a few bits) is broadcast to all nodes, whereas individual pilot assignment and role in the protocol are conveyed to each node via a sequence number in the initial link establishment. In the same manner, node multiplexing can be applied for the forwarded pilots of several nodes.
In brief, the direct or forwarded pilot designs under node multiplexing can take one of the two approaches: 1) considering all nodes collectively as a single virtual node (the designs presented in the previous sections still hold but with a larger number of antennas) and 2) designing pilots for individual nodes and then applying FDM, TDM, frequencyand time-division multiplexing (FTDM), 1 or CDM-T across pilots of different nodes. For reducing delay, the design should use as small number of OFDM symbols as possible for pilot transmissions.
As an example, we will illustrate the FTDM node multiplexing. Suppose K nodes, {I i }, are involved, each OFDM symbol has M sets of cyclically equi-spaced equi-energy L 1 pilots, and node i needs M I i such pilot sets. Then, the FTDM design uses
symbols, and all of the pilot sets of K nodes are disjoint over frequency or time. For example, consider K = 3 nodes with M I 0 = 3, M I 1 = 3, M I 2 = 2, and M = 4. With FTDM, I 0 and I 1 will use the first three pilot sets from the first and second symbols, respectively, whereas I 2 will exploit the fourth pilot set from the first and second symbols. The overhead and delay is only two OFDM symbols instead of three incurred in typical sequential transmission. Fig. 4 shows that several options of node multiplexing are possible. There, all three multiplexing options finish pilot transmissions in two OFDM symbols, whereas the conventional sequential transmission will take four OFDM symbols.
E. Pilot Designs for MIMO Channels With Different Lengths
MIMO channels of a single-node-to-single-node link are commonly assumed to have the same channel length. However, for channels corresponding to different node pairs, e.g.,
their channel lengths can be different. This characteristic is inherent in the proposed node-multiplexing framework, and it creates a new pilot design problem for MIMO channels with different channel lengths. In fact, even for a single-nodeto-single-node link, if distributed antennas (e.g., remote radio heads in LTE) are used, the MIMO channels may have different lengths. To discuss further, suppose there are K channels with channel lengths {L i }, and we like to design their pilots {C i [k] } that minimize the sum MSE of these channel estimates. For the case with L total
we can divide these channels into TDM or CDM-T groups such that each group has a sum of channel lengths less than or equal to N . Thus, without loss of generality, in the following, we just consider
We use the same pilot optimization criterion as in [12] , which minimizes the total MSE of least squares or maximumlikelihood channel estimation as arg min
where
is the noise variance at the estimating node J ν . A difference from [12] is that the constraint is no longer equivalent to setting Tr[Ω † c Ω c ] to a constant due to different {L i } values. An optimal design is given by (see Appendix C for the proof)
Compared with condition Ω † c Ω c = E av I in [12] , the differences are the unequal energy allocation in (15) and different sizes {I L i } in (14) . Our previous design concepts can be applied with appropriate modification as will be described in the following. The MSE for channel i is σ
We can apply an existing pilot design from [12] 
its estimation performance will not be optimal. An easy fix for estimation optimality is to adjust {E i } according to (15) . This solution maintains estimation optimality but requires a total of KL pilot tones that are larger than the minimum required amount of L total tones. If minimum pilot overhead is desired, the FDM with approximate equi-spacing from Section III-B can be applied, where L i pilot tones are used for channel i, and {E i } are set as in (15); its estimation performance may slightly deviate from the optimality.
Alternatively, similar to the new CDM-F design in Section III-B, we can develop a new design, which maintains optimal estimation performance while reducing the pilot overhead of the existing design. This CDM-F design uses a total of L total = 2 log 2 L total pilot tones with cyclically equal spacing of M Δ = N/L total tones, i.e., at tone index set J =M × {0 : L total −1} or any of its shifted version, and the pilots are given by
where {Δ i } are any nonnegative integers satisfying 0 ≤
, and {E i } are given by (15) . The optimality of this design is proved in Appendix C.
With the given optimal design, the 
IV. CHANNEL ESTIMATION
We will start with obtaining channel estimates for directly connected links, and then using them, we will develop a channel estimator for indirectly connected links (e.g., estimating the first-hop channel at the ending node of the second hop). Suppose R m estimates h S i −R m,n from y R m,n received at its antenna m [see (1) ]. Then, the least-square or maximumlikelihood estimates of {h S i,ν −R m,n : ∀ i} can be obtained separately or jointly aŝ
The error vectors Δh
are known, an MMSE estimator [35] can be used asĥ
where 
for TDM or CDM-T source pilots. Then, the total received source pilots in the frequency domain at R m are given by
where W R m is CN (0, Q W Rm ). The channel gains on the forwarded pilot tones can be defined byH
Then, the frequency-domain forwarded source pilots received at D l,k can be collected as a
where the noise
, and P and ΛH
are defined as follows.
the ith column of the unitary DFT matrix of size
for TDM and FDM, and
for CDM-T and CDM-F. {α n } represent fixed constants to adjust SNRs, and they could be different if R m represents a virtual node consisting of several nodes with different SNRs.
With perfect knowledge
, and existing approaches (e.g., [16] (25) and (26), respectively, with ΛĤ
We propose an alternative approach, where the effect of the error
, and obtain the estimator conditioned on
, which takes the same form as in (24) but with
for TDM, FDM, and CDM-F, and
The given estimator incorporates the effect of channel estimation errors of the directly connected link in estimating the channels of indirectly connected link. This yields performance advantage over the existing approaches, as will be shown later. The MSE of the proposed estimator in (24) is straightly obtained as [35] MSE
where the expectation is overĤ R m −D l,k .
V. CHANNEL STATE INFORMATION ACQUISITION PROTOCOL FOR RELAY SYSTEMS
Regarding CSI acquisition between multiple nodes that can directly communicate, we present two solutions: pilot transmission (see Section V-A) and explicit CSI feedback (see Section V-B). For CSI acquisition of indirectly connected links (e.g., obtaining CSI R k −D i at S m ), we develop protocols under two scenarios: acquisition at the source or the destination (see Section V-C) and at the relays (see Section V-D). In the protocols, pilots used are designed according to Section III, and node multiplexing, if applicable, is used according to Section III-D.
A. CSI Acquisition via Pilot Transmission
To acquire CSI S−R k at each R k , sources transmit pilots, and each R k estimates the CSI [e.g., using (20) or (21)]. By changing the roles of sources and relays, together with the corresponding pilot design, each S i can obtain estimates of CSI R−S i . The same pilot design, channel estimation, and transmission protocol can be applied for the relay-to-destination hop, with a possible change in channel length.
For TDD with reciprocal channels, transmission of pilots in both directions as previously described will provide required CSI to both sides. For FDD, the given scheme alone will not provide all of the necessary CSI; the approach in Section V-C1 or V-C2 can be used in this case.
B. CSI Acquisition via Explicit CSI Feedback
Another approach for directly connected links is the use of explicit CSI feedback, where a node quantizes, encodes, and transmits back the CSI as data. Consider the MIMO link between source S i and relays {R k }. For TDD, there are two options, both starting with transmission of pilots. In the first option, each S i transmits N S i L 1 pilots, ∀ i, to {R k }, and each R k estimates CSI S−R k and feeds it back to {S i }. In the second option, each R k transmits N R k L 1 pilots to {S i }, and each S i then estimates CSI R−S i and feeds it back to all {R k }. The choice between these two options can be determined by the least pilot overhead usage. Suppose the first option is adopted (for the second option, sources and relays switch roles). Then, each R k estimates CSI S−R k based on the pilot sets sent by S, quantizes and encodes it, and transmits back to S. This explicit CSI feedback requires 2L 1 N bits /β bits, where N bits is the effective number of bits used for a real-valued channel tap gain, β is the coding rate (β = 1 if no error correcting code is applied), and the factor of 2 is due to the complex component. We defineN bits = 2N bits /β; hence, L 1Nbits bits per channel are needed for CSI feedback.
When sending CSI feedback, the transmitting node has three options: 1) Choose the best antenna for transmission based on the SNR calculated by the estimated CSI; 2) designate a predetermined antenna for CSI feedback; and 3) utilize multiple antennas using space-time/space-frequency block coding (STBC/SFBC), space-division multiplexing (SDM), or another multiple-antenna transmission scheme.
For any option, using a predetermined subcarrier set J R k,FEED known by S and R k , a pilot set (whose length equals the number of transmit antennas used in the feedback times L 1 ) is transmitted by R k along with the encoded CSI S−R k . If each S i needs to only know CSI S i −R k , not CSI S−R k , and the channels are reciprocal, then the CSI feedback can exclude CSI S−R k,m , wherem is the index(es) of the transmitting antenna(s). The CSI feedback transmissions from all {R k } can apply node multiplexing. Using the relay-transmitted pilot set, the receiving node S i can estimate CSI R k,m −S i using (20) or (21) (which gives CSI S i −R k,m for reciprocal channels) and decode the required CSI feedback.
For FDD, both sides of the link need to send pilots. The transmissions from both sides can be simultaneous. Each node estimates CSI of its receiving MIMO link, quantizes and encodes it, and then feeds it back. Any of the three options for CSI feedback transmission in TDD can be used here. The node multiplexing can be designed in the same way as in TDD. Another difference from TDD is that when sending CSI feedback, no pilot insertion is necessary for data detection as the receiving nodes already know the receiving channels if a predefined set of transmit antennas is used in the CSI feedback transmission.
The same protocols provided here can be applied for CSI acquisition of the relay-to-destination link.
C. Acquiring CSI R k −D at the Source and CSI S−R k at the Destination
This is a scenario of CSI acquisition of indirectly connected links. The problem is the same for either at the source or the destination. The options described below can be applied at either node. We will discuss how the destination obtains CSI S−R k , as some relaying strategies (e.g., [7] and [9] ) need this information.
1) Explicit Feedforward of CSI:
Suppose R k has obtained CSI S−R k using pilots or a protocol in Section V-B, then it can provide this information to {D i } after quantizing and encoding it into N R k N S TOT L 1Nbits bits. If the destination D i already knows CSI R k −D i , no pilots are necessary during the CSI feedforward; otherwise, R k needs to insert its own pilots whose length equals the total number of transmit antennas used in CSI feedforward times L 2 . The CSI feedforward can adopt one of the three transmission options in Section V-B together with the node-multiplexing mechanism for transmissions from different relay nodes.
2) CSI Estimation Using Forwarded Pilots: S transmits pilots to {R k }, and then, each R k forwards to D its received source pilots. If D i does not yet have CSI R k −D i , R k also needs to insert its own pilots when forwarding the source pilots. Node multiplexing is applied between
g., using (20) or (21)] based on the inserted pilots of R k and then CSI S−R k [e.g., using (24) with (27) and (28)].
D. Acquiring CSI S−R l , CSI R l −S , CSI D−R l , and
This is another scenario of CSI acquisition of indirectly connected links where CSI sharing is required between relays to optimize the overall performance (e.g., [11] ). Due to several CSI requirement scenarios with multiple options as will be discussed below, the main protocols for TDD will be presented in sequence in Table I for clarity. The table shows each action needed at each step along with the result from that action. Each step represents a separate transmission, unless otherwise noted. For FDD, we will present protocols for obtaining both forwardand reverse-link CSI. If a considered relay system requires only a subset of the given CSI, the required protocols can be easily extracted from our protocols.
1) Relay CSI Sharing Together With Acquiring CSI S−R , CSI R−S , CSI D−R , and CSI R−D at S and D:
In Table I , we present two options, namely, 1A-TDD and 1B-TDD, to use when TDD is utilized. If FDD is used, additional steps are needed, and the relays should be able to transmit and receive on both frequency bands. There are two scenarios for FDD, based on whether the carrier frequencies of the relays' transmissions to the sources and to the destinations are the same or not, and they are denoted by FDD-1 and FDD-2, respectively. Considering FDD-1, we first apply either 1A-TDD or 1B-TDD (options 1A-FDD and 1B-FDD, respectively) from Table I broadcasts CSI R−S and CSI R−D ; no pilot insertion is needed here. Node multiplexing can be appropriately applied in all of the given transmissions if it saves overhead. For FDD-2, the procedures remain the same as in FDD-1 except with the following changes. Any transmission from R k now needs to be on two transmission bands (one to S and the other to D). Relay pilot insertion, if needed, will be L 1 tones per antenna to S and L 2 tones per antenna to D. If {R k } can transmit/receive on both bands simultaneously, any communications of {R k } to the two sides S and D in the given protocols can be simultaneous.
2) Relay CSI Sharing Without Acquiring CSI S−R , CSI R−S , CSI D−R , and CSI R−D at S and D:
For TDD, instead of the given protocols, alternative options can be implemented to reduce CSI delay and pilot overhead. The steps required for TDD for these options are presented as 2A-TDD and 2B-TDD in Table I 
VI. CHANNEL STATE INFORMATION ACQUISITION IN MULTIPOINT-TO-MULTIPOINT SYSTEMS
In an MP-MP system with IA [27] [28] [29] , all CSI are needed at each node. Therefore, a protocol is needed for CSI acquisition at various nodes. For MP-MP systems with disjoint resource allocation, CSI may also be needed at the node that performs resource allocation. In the following, we first consider three scenarios for MP-MP IA systems, which depend on the communication capabilities of the nodes {S i } and {D ν }. The three scenarios range from more limiting to less; hence, for example, options for Scenario 1 may be used in all other scenarios, but not vice versa. The fourth scenario addresses MP-MP systems with disjoint resource allocation. In all four scenarios, when {S i } ({D ν }) transmit pilots or CSI to {D ν } ({S i }), the node multiplexing from Section III-D can be utilized to minimize overhead. As before, pilots are designed according to Section III.
Scenario 1: In this scenario, the sources can only transmit to destinations, and the destinations can only transmit to sources. There are two options for a TDD system, namely, 1A-TDD and 1B-TDD, and for clarity of the protocol procedures, they are presented in Table II . For FDD, at step 1, both {S i } and {D ν } are transmitting pilots on their separate subbands simultaneously. At step 2, both sets {S i } and {D ν } simultaneously broadcast the CSI of their receiving channels by either the explicit CSI feedforward described in Section V-C1 (option 1A-FDD) or the pilot forwarding presented in Section III-C but without pilot insertion (option 1B-FDD). After extracting or estimating CSI using (24) with (27) and (28) Scenario 2: In this scenario, the sources can communicate with any node, but the destinations can only transmit to and receive from the sources. If FDD is used, then the sources should have capability to transmit and receive on each frequency band. The options shown in Table II Table II . In the following, we will consider {D ν } transmitting first as in Table II . If FDD is used, the system uses the chosen TDD procedure first, and then, sequentially,
This broadcast can use either the explicit CSI feedforward or the pilot forwarding approach (denoted as options 3A-FDD and 3B-FDD, respectively). Each receiving node I l estimates its respective receiving channel CSI D ν −I l and then obtains CSI S−D ν . After the broadcast of all {D ν }, every source and destination node obtain all CSI.
Scenario 4: The final scenario is when the sources utilize separate resources and one node must acquire all CSI present in the system to perform the resource allocation. We will assume that the node is S i * , and if it is a destination, the process is the same except that their roles are reversed. For TDD, all sources, using node multiplexing, transmit N S TOT L pilots to the destinations, where each D ν estimates CSI S i −D ν , ∀ i. {D ν } then use either the explicit CSI feedforward approach (option 4A-TDD) or the pilot forwarding (option 4B-TDD) with their own inserted pilots to transmit to the sources. Now, S i * retrieves the required CSI.
For FDD, both node banks first transmit their pilots using node multiplexing. 
VII. OVERHEAD, PROTOCOL CHOICE, AND PERFORMANCE
As mentioned in Section II, to reduce control signaling overhead for CSI acquisition, the proposed approach inserts into the initial-link-establishment process the number assignment to the nodes. This step is simply inserting the number into a control signaling message of the process. Thus, if a total of K nodes are involved, then the overhead would be K log 2 (K) bits. In contrast, conventional approaches would need to send control signaling messages to indicate the resource assignment (for pilots and/or CSI feedback) of all the nodes during the CSI acquisition phase. The corresponding overhead would be K(N ID + N RA ), where N ID is the number of bits for a user's ID, and N RA is the number of bits for resource assignment for transmission of pilots or CSI feedback of each user. Note that N ID > log 2 (K) as the total number of users in the system will be much larger than K and N RA > log 2 (K) as the total number of resources in the resource assignment would also be larger than K. This shows additional overhead savings of the proposed approach in control signaling on top of pilot overhead savings. The latter will be described in the following section.
A. Protocol Choice
Our proposed CSI acquisition protocols include some options, and the choice depends on the specifics of the system setup, requirements, and algorithms involved. A major factor is the overhead cost, whereas energy efficiency and CSI accuracy should also be taken into consideration. For example, regarding the choice between the quantized and encoded CSI transmission and the pilot transmission (see Sections III, V, and VI), one can keep the CSI accuracy and the energy efficiency of the two options to be at a comparable level and select that which has smaller overhead cost. The energy efficiency can be kept the same by adjusting the QAM size and the bit energy of the encoded CSI. The CSI accuracy of the pilot transmission approach is reflected by the MSE performance, but that of the explicit CSI transmission depends on how it is quantized and encoded (codebook design), and such a design process is out of the scope of this paper.
Regarding the option as to whether sources or destinations should transmit pilots (see Section V-B), the overhead cost, which depends on the number of nodes and antennas at each side, can be used to select which option. The overhead associated with various CSI acquisition options for the relay and MP-MP systems is given in Tables III and IV , respectively, which depends on the system specifics and can be used in selecting the protocol options for a given system. In the tables of overhead, if pilots and data symbols are transmitted in separate OFDM symbol(s) (denoted as preamble format), then Θ(X) is X/N N , whereN is the number of subcarriers available for transmission (N = N if all of the subcarriers are used). If pilots are transmitted together with data tones within an OFDM symbol in a pilot-data-multiplexed manner, then Θ(X) = X.
Note that the overhead can be appropriately translated into delay of the CSI acquisition protocol. Considering a preamble format, each pilot or CSI feedback transmission can be converted to delay using N over /N , where N over is the number of needed tones for each step in obtaining all desired CSI. Comparing the options from Scenarios 1 through 3 in Section VI, we look at the delays associated with each. TABLE III  OVERHEAD COMPARISON FOR RELAY SYSTEMS   TABLE IV  OVERHEAD COMPARISON FOR MP-MP SYSTEMS six OFDM symbols. The delays will be unique to each system setup as there are many variables that affect the total.
In the CSI feedback/feedforward, the choice of transmitting from a single antenna or multiple antennas with SFBC/STBC or SDM (see Section V-B) depends on the system specifics such as MIMO size and power and rate constraint. If there is only one receiving node with a single antenna, transmitting from the best antenna can be utilized. If both transmitting and receiving nodes have multiple antennas and the nodes are power constrained, then SFBC/STBC can be adopted. If the MIMO nodes are rateoptimizing, then SDM can be used.
With regard to the option of pilot forwarding from a single antenna or multiple antennas (see Section III-C), if the receiving nodes need not know all of their receiving channels, then using a single transmit antenna can save some overhead, since only one set per transmit node of added pilots needs to be transmitted. If the receiving nodes know all of their receiving channels, then the overhead of pilot forwarding from single or multiple antennas is the same, but the latter will have advantage in terms of peak-to-average-power ratio since the number of transmitted tones per RF chain is smaller in this case.
B. Channel Estimation for Channels With Different Lengths
In our simulations (see Section VII-B-E), we adopt OFDM with N = 64 subcarriers and 16 cyclic prefix samples. The average pilot SNR is defined as γ = (E total / N total )/(Nσ 2 I ), where N total is the number of channels present in the node-multiplexing scheme, E total is the total pilot energy transmitted for all N total channels, and σ 2 I is the noise variance at the considered node I. For pilot forwarding scenarios, we will use γ i to denote γ for the source pilots at the ith hop and γ 2r to denote γ for the relay-inserted pilots. If not explicitly mentioned, we use γ 2 = γ 2r .
Here, we evaluate the proposed pilot designs for channels with different lengths. We consider a node-multiplexing scenario where a source with two antennas and a single-antenna destination simultaneously send pilots to a single-antenna relay, and the relay estimates the three channels. The channels from the source to the relay have length L 1 = 3, and the channels between the relay and the destination have L 2 = 9. They also have an exponential decay power delay profile (PDP), decreasing 3 dB per tap. We will collectively present the results in two perspectives: 1) comparative performance of different pilot designs and 2) impacts of pilot designs with and without a constraint of equal individual channel estimation MSE. For the first perspective, we test three different pilot designs: the design from [12] and the two proposed designs, namely, an approximately cyclically equi-spaced FDM design and the optimal CDM-F design presented in Section III-E without equal individual channel estimation MSE constraint. For the second perspective, we add the optimal CDM-F design with equal individual channel estimation MSE constraint. The same channel estimator in (20) is applied for all the pilot designs.
The total channel estimation MSE performance is shown in Fig. 5 , whereas individual channel estimation MSEs are presented in Fig. 6 . The theoretical MSE expressions match the simulation results, and only the latter are presented for clarity. First, the design from [12] , which is optimal under equal channel lengths and uses either 48 pilot tones (16 tones per channel) or 24 pilot tones (four tones for each source channel and 16 tones for the destination channel) is no longer optimal and suffers a slight total MSE degradation if compared with the proposed optimal CDM-F design without equal MSE constraint, which uses 16 pilot tones. The proposed FDM uses minimum pilot amount of 15 tones and gives almost the same total MSE performance as the proposed optimal CDM-F design. Thus, the proposed designs provide better total MSE performance with smaller pilot overhead if compared with the existing design from [12] . In terms of MSEs of individual channels, the existing design from [12] yields a smaller MSE than the proposed designs for the channels with length L 1 = 3 and a larger MSE for the channel with length L 2 = 9. The reason is as follows. The channel with longer length experiences a larger MSE under equal pilot energy allocation due to larger dimension of the parameter space. Under the criterion of minimizing total MSE, the optimal design allocates more pilot energy to the channel with longer length to bring down the total MSE at the cost of some MSE increase for the shorter channels.
Next, we evaluate the proposed design with equal individual MSE constraint. Note that both our other proposed designs and the design from [12] do not provide equal individual channel estimation MSE. The proposed design yields equal MSE for individual channels, but its total MSE slightly increases (to the level similar to that of the design from [12] ). The proposed minimum overhead FDM with equal MSE constraint gives almost the same MSE performance and, hence, is not shown in the figure for presentation clarity. The design with equal individual MSE constraint allocates more pilot energy to the channel with longer length than does the optimal design without such constraint, which decreases MSE of the longer channel and increases MSE of the shorter channel.
C. Tone Selection and Pilot Forwarding Schemes
First, we present the effect of forwarded pilot tone locations on the first-hop channel estimation performance. We set α k as in [17] and γ 1 = γ 2 = γ 2r . For all channels, we assume the ITU Pedestrian Channel Model B with a raised-cosine filter with a roll-off factor of 0.5 and L = 8 sample-spaced channel taps. To focus on the effect of forwarded pilot tone locations, we consider one source, one single-antenna relay, and one destination. First, we investigate for a single-antenna source, which transmits one set of eight cyclically equi-spaced pilot tones (J S = 8 × {0 : 7}), and the relay forwards the source pilots on J R = k × {0 : 7} for k ∈ {1 : 8}. The relay also transmits its own eight pilots with cyclically equal spacing, which are disjoint (in time or frequency) from the forwarded source pilots so that the destination can first estimate H R−D and then H S−R . Fig. 7 shows the first-hop channel estimation MSE (using the proposed estimator) for different locations of forwarded pilots characterized by the spacing k of adjacent pilot tones. We observe that k = 8 (corresponding to cyclically equi-spaced pilots) gives the best results, which corroborates the design analysis in Appendix B.
Next, we consider a source with two antennas, which transmits two sets of eight cyclically equi-spaced pilot tones, where and T 1 Δ = T 0 + 4. We first check with J R = k × {0 : 7} for k ∈ {1 : 8} for TDM and CDM-T source pilots (similarly for FDM while keeping disjointness of its two pilot sets) and obtain the same results as in Fig. 7 . Next, we investigate the effect of shifting the locations of the pilot set(s), i.e., J R = T 0 + m for TDM or CDM-T source pilots and J R = {T 0 , T 1 + m} for FDM or CDM-F source pilots. Fig. 8 presents the first-hop channel estimation MSE for different shifting m. The MSE (the same for different proposed source pilot designs) is invariant to the pilot set shifting in pilot forwarding, confirming the analysis in Appendix B. Now, we consider two antennas at the relay and evaluate FDM, TDM, CDM-T and CDM-F pilot forwarding schemes. Their channel estimation MSEs of H S i −R obtained at the destination are shown in Fig. 9 . FDM, TDM, and CDM-T pilot forwarding schemes give the same first-hop channel estimation MSE as expected since forwarded pilot sets maintain orthogonality (the pilot sets can be decoupled without knowing {H R−D [k]}). The proposed CDM-F pilot forwarding scheme (τ 0 = 0, τ 1 = 1) also gives practically the same MSE. However, with an unrecommended setting (τ 0 = 0, τ 1 = 7), the CDM-F scheme shows a slight MSE degradation. This is expected since the orthogonality of the CDM-F forwarded pilot sets is affected by the channel estimation errors {ΔH R−D [k]} at J S i and J S i + τ 1 , and such an effect increases with more random (less correlated) channel estimation errors (i.e., larger τ 1 ). Nevertheless, the MSE degradation is insignificant, and hence, CDM-F with suboptimal setting of {τ i } could still be considered if other constraints prohibit the use of optimal setting of {τ i }.
D. Estimator Performance and Effects of Pilot SNRs
Here, we will present the performance of the proposed MMSE estimator in estimating h S−R m at the destination and the impact of different pilot SNR settings. We consider one source, two relays, and one destination, all with a single antenna. The source transmits pilots, and the relays forward received source pilots together with inserted own pilots to the destination. The pilots and their forwarding mechanisms are according to Section III. The system and channel models are the same as in Section VII-C. The destination estimates {h R m −D } first and then {h S−R m }. We include the MMSE estimator from [16] as reference. We obtain practically the same result for all proposed pilot forwarding mechanisms.
The channel estimation MSE for {h S−R m } is shown in Fig. 10 for various accuracy levels ofĥ R i −D (indicated by γ 2r ). The MSE performances for h S−R 0 and h S−R 1 are identical; hence, only one is shown. We observe that the estimators could experience MSE floors depending on γ 2r . It is due to the nature of using the second-hop channel estimate in estimating the first-hop channel. To explain more, we can observe from (23) is not small enough compared with the noise level affecting the source pilots, the aforementioned interference will become dominant and cause the MSE floor. The proposed method outperforms the reference method due to two reasons: 1) The proposed method incorporates the effect of second-hop channel estimation errors in estimating the first-hop channel while the reference method ignores that effect, 2 and 2) the exploitation of the channel frequency correlation property in the reference method is less fruitful than the proposed method.
For the proposed estimator with γ 1 = γ 2 , we observe that γ 2r should be at least the same as or larger than γ i to avoid MSE floor for the first-hop channel estimation, and boosting γ 2r by 5 dB above γ i would yield the MSE performance very close to that with perfect {H R m −D }.
Next, we present the effect of fixed second-hop SNR (γ 2 and γ 2r ) on the first-hop channel estimation performance of the proposed estimator in Fig. 11 . The results obtained with perfect H R−D (i.e., γ 2r = ∞) show the effect of fixed γ 2 , whereas those with H R−D estimate represent the effects of both fixed γ 2 and γ 2r . There are MSE floors at high γ 1 , and the starting point and level of the floor depend on values of γ 2 and γ 2r . We observe that at a fixed γ 2 , there is little improvement on first-hop estimation performance by increasing γ 1 beyond 5 dB above γ 2 , and γ 1 = γ 2 would be an energy-efficient setting.
In Fig. 12 , we show the effect of boosting the second-hop SNR on the first-hop channel estimation performance, where γ 2 = γ 2r = γ 1 + Δγ. As an ideal reference, we include the 2 The MSE curve of the reference method for γ 2r = 10 dB shows an intriguing result of a slight increase at high SNR. By neglecting the effect of estimation error for {H R k −D } and, hence, its interference effect, the reference method induces a model mismatch in its MMSE formulation, which grows with increased first-hop pilot power, and its effect becomes dominant if the level of the neglected errors (dependent on γ 2r ) is significant compared with the noise level affecting the source pilots (dependent on γ i ). This explains the nature of the MSE curves of the reference method. performance of directly estimating h S−R m by the MMSE estimator at R m (denoted "Direct MMSE"). In general, boosting the second-hop SNR can improve the first-hop channel estimation performance subject to the power budget of the second hop, and 20-dB boost yields almost the same performance as Direct MMSE. However, boosting beyond 10 dB will not be energy efficient as the improvement becomes quite incremental.
To evaluate the proposed MMSE estimator's performance in scenarios with mismatched channel covariance knowledge, we assume a uniform PDP for both hops in the development of the proposed MMSE estimator while the actual channels correspond to the ITU Pedestrian Model B. The other settings are the same as in Fig. 12 . The simulation results are presented in Fig. 13 , which shows similar MSE behaviors but with degraded MSE performance if compared with those in Fig. 12 obtained with perfect knowledge of the channel covariance matrices. We also observe that the performance degradation due to the mismatched knowledge can be offset by increasing the pilot SNRs of both hops. 
E. BER Simulation
To illustrate the impact of CSI acquisition accuracy on relay systems, we evaluate the bit error rate (BER) performance of a relay system (with the same setting as in Section VII-D) with selection diversity. 3 The OFDM subcarriers are divided into eight subchannels containing eight consecutive subcarriers each, and only one subchannel is assigned to the considered S-R-D group. Data are transmitted using quaternary phaseshift keying (QPSK), and γ i is set to the same value as the data SNR on a transmitted tone of the ith hop (denoted by SNR i ). After the CSI acquisition phase, the system selects a specific relay and a specific subchannel (same as for the S-R and R-D links), called the relay and subchannel selection, for data transmission to the destination or a specific relay on a fixed subchannel, named relay selection. Channel estimates are used in selection and data detection. The system computes the cascaded channel power gain summed across the subcarriers of each subchannel and selects that with a maximum value. The proposed estimator and the reference method are the same as in Section VII-D, and the performance with perfect channel knowledge of both hops is also included as an ideal reference. The exact closed-form analytical BER expression for the given system is intractable due to the involvement of ordered statistics of correlated random variables. Thus, we include a quasianalytic approximate BER evaluation for the proposed method (see Appendix D). Fig. 14 shows the BER performance. The relay and subchannel selection gives better BER than the relay selection alone due to its higher diversity order. The quasi-analytic BER results match well with the simulation results. Our proposed estimator's performance is close to that with perfect channel knowledge, whereas the reference method again sees degradation due to its inaccurate channel estimation. 
VIII. CONCLUSION
Relay and MP-MP systems rely heavily on channel knowledge at various nodes. We have presented CSI acquisition protocols, pilot designs, pilot forwarding mechanisms, and channel estimation methods for various scenarios of relay and MP-MP systems using MIMO OFDM with TDD or FDD. Our proposed new pilot designs offer overhead saving and the same optimal estimation performance for channels with equal length and better estimation performance and smaller overhead for channels with unequal lengths than the existing designs. We also presented pilot designs (particularly, pilot energy allocation) for minimum total MSE without the constraint of equal MSE of individual channels, as well as with the constraint. We have developed an MMSE estimator to estimate the first-hop channels at the receiving node of the second hop and shown its significant advantages over an existing method.
We have analyzed tone selection for pilot forwarding and proposed several pilot forwarding schemes for relay nodes with multiple antennas. We showed that the tones for forwarding a set of cyclically equi-spaced source pilots should maintain the same relative positions within the set while the relative positions of different sets can be changed. We investigated the effects of the first-hop and the second-hop SNR of the forwarded pilots (γ 1 and γ 2 ) and the pilot SNR for the secondhop channel estimation (γ 2r ) on the first-hop channel estimation at the end node of the second hop. We observed that γ 2r = γ 2 + 5 dB performs close to that with perfect channel knowledge of the second hop, whereas γ 2 = γ 2r = γ 1 + 20 dB performs close to that obtained by directly estimating the firsthop channel at the end node of the first hop. At a fixed value of γ 2 = γ 2r , an energy-efficient setting for the first hop is γ 1 = γ 2 . However, with a fixed γ 1 , boosting γ 2 = γ 2r up to 10 dB above γ 1 offers energy-efficient performance improvement. We have introduced a node-multiplexing concept that reduces overhead and delay of the CSI acquisition. We also discussed how to choose among various CSI acquisition approaches in both relay and MP-MP systems with different CSI needs. The best protocol would depend on the specifics of the system and channel parameters, constraints, and CSI needs. 
where ν 1 = ν 2 . By substituting (4), the left-hand side (LHS) of (31) and (32) become
where d 
where the elements of J n Δ = {J n,ν ; ν = 0 : N S i − 1} can be any |J S i | distinct numbers from {0 : N − 1} if forwarded in one OFDM symbol (if J n,ν and J n,l are in different OFDM symbols, they can be the same), and J n,ν represents the tone index set on which the source pilots received on T ν are forwarded. MSE h S i −Rm,n is given by (30) obtained for the FDM pilot forwarding mechanism with only one pilot index set J n (i.e., with N R m = 1, P = αIL : k = l} as they sum up to zero due to orthogonal source pilots. Consequently, the design is only affected by individual sets {J n,ν } (i.e., relative index positions within each set) but not the relative shifting between the sets.
Furthermore, Ψ J n maintains properties of a covariance matrix, and for channels with uncorrelated taps, its main diagonal elements are the same regardless of J n , whereas the offdiagonal elements depend on J n . Thus, from (39), a judicious design choice is to select {J n,ν } such that the off-diagonal elements of {Ψ ) have as small magnitudes as possible. This implies that the spacing of any adjacent tone indexes in J n,ν should be as large as possible (the indexes in J n,ν should be cyclically (mod-N ) equi-spaced), whereas J n,ν and J n,l within the same OFDM symbol are disjoint for ν = l. With optimal source pilot indexes J S i = {T ν ; ν = 0 : N S i − 1}, the given design can be simply given as J n,ν = T ν + τ ν (mod N ) for any {τ ν } such that {J n,ν } within the same OFDM symbol are disjoint.
APPENDIX C PROOF OF OPTIMALITY OF (14) , (15) , (17) , AND (18) FOR CHANNELS WITH DIFFERENT LENGTHS Let λ and d denote the vectors consisting of the eigenvalues and the diagonal elements of Ω † c Ω c , respectively. Then, d majorizes λ [36] , and consequently, MSE/σ
T , whereas λ can vary depending on the pilots. Thus, for fixed {E i }, the MSE minimizing eigenvalues are given by λ = [E 0 1
T , which is straightforwardly obtained by (14) , and the MSE becomes σ
The remaining optimization is to find the set of {E i } that minimizes MSE under the constraint of constant K−1 i=0 E i . Using the Lagrange multiplier method yields the optimal pilot energy allocation as given in (15) .
Next, using Ω c i = √ N F H Λ C i F L i , the optimal condition can be expressed as
By substituting the pilots from (16) and (17), the LHS of (40) and (41) becomes
SinceL total > L i , (42) 
